Emergent infectious diseases represent a major threat for biodiversity in fragmented habitat networks, but their dynamics in host metapopulations remain largely unexplored. We studied a large community of pathogens (including 26 haematozoans, bacteria and viruses as determined through polymerase chain reaction assays) in a highly fragmented mainland bird metapopulation. Contrary to recent studies, which have established that the prevalence of pathogens increase with habitat fragmentation owing to crowding and habitat-edge effects, the analysed pathogen parameters were neither dependent on host densities nor related to the spatial structure of the metapopulation. We provide, to our knowledge, the first empirical evidence for a positive effect of host population size on pathogen prevalence, richness and diversity. These new insights into the interplay between habitat fragmentation and pathogens reveal properties of a host-pathogen system resembling island environments, suggesting that severe habitat loss and fragmentation could lower pathogen pressure in small populations.
INTRODUCTION
Emerging infectious diseases pose a major threat to global biodiversity [1] . As a consequence, they have become an important subject in conservation biology, especially because they threaten the viability of endangered populations [2] . How the effects elicited by the loss and fragmentation of habitat influence pathogen dynamics remains, however, largely unexplored, in spite of the disease-induced extinction risk of small, fragmented populations [3, 4] . The understanding of the effects of habitat fragmentation on parasitism is markedly constrained by the scarcity of both empirical and theoretical studies, theory on pathogen metapopulation dynamics being neglected in particular [3 -5] . Moreover, although extensive research has revealed many important aspects of the extraordinarily broad ecology of pathogens, this knowledge remains poor and virtually non-existent for most wild-living host species [6] . Nevertheless, a core concept in host-pathogen theory predicts the existence of threshold levels of population density and size for the invasion or persistence of pathogens in host populations [7] . Deterministic epidemiological models indicate the existence of thresholds of population density and/or size for pathogen invasion, whereas stochastic models show such thresholds for both pathogen invasion and persistence, highlighting the increasing chance of non-persistence of a pathogen in small populations [8] .
Within this framework, several non-exclusive mechanisms have been proposed to increase pathogen burden in vertebrates [3, 9] . Here, we test two alternative hypotheses concerning multiple pathogens in a highly fragmented population of a host species with restricted dispersal attitude. First, assuming density-dependent pathogen transmission, pathogen prevalence and richness are expected to correlate positively with host density. Hosts with limited dispersal capabilities are likely to become crowded in small and isolated patches [10] . Moreover, crowding may increase host stress through increased competition for resources and agonistic interactions, thereby compromising the immunocompetence of hosts and making them more vulnerable to infections. This hypothesis has been tested in recent years by comparing pathogen prevalence and richness in small versus large fragments of tropical forest, using mostly primates as study models [9] and, less frequently, other mammal [11] and avian species [12] . Several results supported an increase in pathogens with habitat loss and fragmentation [9] , but others found variance among host species or no effects at all [11, 12] .
The second hypothesis focuses rather on the pathogens' perspective than the host species. In fact, the spatial structure of a metapopulation resulting from habitat loss and fragmentation is likely to affect not only the population dynamics of a host species, but its pathogens as well [3] . Attending to the metapopulation paradigm, as patches become smaller and farther apart, there are R e t r a c t e d increased rates of extinction and decreased rates of (re)colonization [13] . Therefore, the expected outcome is a reduction of pathogens the smaller and more isolated the patches in which they live.
We tested the above alternative hypotheses using Dupont's lark (Chersophilus duponti ) as a focal host model species, and assessed additionally possible population thresholds for pathogen persistence. This endangered, small and strongly habitat-stringent passerine lives in remnants of the Iberian steppe habitats, resulting from large-scale processes of habitat loss and fragmentation [14, 15] . We focused on a metapopulation composed of numerous populations of variable size and isolation, making them an island-like system (e.g. small patch sizes, barriers of hostile habitat hampering dispersal). Indeed, extensive capture-mark -recapture studies revealed extraordinarily few movements among these populations, although more than half of them are separated by only 1-3 km [16, 17] . Furthermore, we took into account possible spill-over effects [1] from alternative hosts (i.e. sympatric steppe passerine species) as generalist pathogens can infect multiple species of hosts that may act as biotic reservoirs [4] . We analysed the patterns of prevalence, richness and diversity of a community of predominantly generalist pathogens, including a total of 26 haematozoans, bacteria and viruses (hereafter termed pathogens), as determined through polymerase chain reaction (PCR) assays. Dupont's lark population sizes are positively related to the patch size they inhabit [16] , but local densities are negatively related to patch size, resulting in the crowding of focal hosts in small patches [14, 18] . Given density-dependent models of parasite transmission, the consequences of host crowding on susceptibility to infection and habitat-edge effects, we predicted greater prevalence, richness and diversity of pathogens with smaller patch sizes. Alternatively, from a pathogen metapopulation point of view, these estimates of the pathogen community should increase with habitat size (i.e. both focal and alternative host population sizes) and decrease with geographical isolation and the resistance of the landscape matrix to the movements of Dupont's larks among local populations.
MATERIAL AND METHODS
(a) Study model Dupont's lark is an endangered passerine whose European population is restricted to Spain, holding scarcely 2000 breeding territories [19] . Our study area in the Ebro Valley (northeast Spain) covers ca 9000 km 2 of arid and flat land, which is mostly devoted to non-irrigated cereal crops, while the original steppe vegetation has been reduced to a number of small and isolated patches [18] . Dupont's lark exclusively inhabits these flat steppe patches, forming a spatially structured population which holds ca 40 per cent of the Spanish breeding territories [15] . The larks were distributed among 27 local populations (hereafter 'populations'). All fragments of a suitable habitat separated by a distance of less than 1 km from the nearest neighbour fragment were assigned to the same population (figure 1), based on spatial analyses of connectivity and the species' behaviour [18] . Dupont's lark population sizes were calculated as the number of occupied territories through territory mapping of males aided by its acoustic identification and observations of individually colour-banded birds [17] . Dupont's lark breeding densities were determined as (i) the number of occupied territories divided by patch size, and (ii) the mean distance between the nearest singing male neighbours [16, 18] .
The following four descriptors of the metapopulations' spatial structure for each population were adopted from Vö geli et al. [18] : (i) area of potentially adequate habitat; (ii) distance to the nearest occupied population; (iii) isolation index I i ¼ 2S exp (2d ij ) N j , where d ij is the Euclidean distance between populations i and j, and N j is the number of occupied territories of population j [20] ; and (iv) the percentages of land-use cover in the matrix within a buffer ring 
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with a 20 km radius from each population edge determined according to the maximal dispersal distance of Dupont's lark detected in our study area (see [18] [18] , and multiplied with the patch size to get their respective total population sizes. The following nine steppe passerine species were detected and considered for analyses: lesser shorttoed lark (Calandrella rufescens), greater short-toed lark (Calandrella brachydactyla), Thekla lark (Galerida theklae), crested lark (Galerida cristata), Calandra lark (Melanocorypha calandra), Eurasian skylark (Alauda arvensis), black-eared wheatear (Oenanthe hispanica), spectacled warbler (Sylvia conspicillata) and tawny pipit (Anthus campestris). Dupont's larks were trapped, aged (juveniles and adults) and sexed through molecular methods as described by Vö geli et al. [21] in breeding and post-breeding seasons from 2002 to 2008. Prior to release, a few drops of blood were taken from the jugular vein of 344 individuals and stored in absolute ethanol for PCR-based pathogen determination, and blood smears were air-dried and fixed in ethanol for further confirmation of haematozoans through traditional microscope screening [22] .
(b) PCR based pathogen determination We performed a comprehensive avian pathogen survey by using PCR amplification of pathogens' RNA or DNA in the blood of Dupont's larks. We used PCR pathogen determination instead of serological surveys because our aim was to determine the current exposure and distribution of pathogens among potential hosts rather than previous exposure or clinical infections in hosts [22] . Blood parasites were checked through traditional microscopic screening of blood smears and PCR-based methods to increase the accuracy of detection [23] . The employed techniques are useful for detecting current infection status, but not all pathogen exposures may be reflected in hosts [24] , even with a combined blood pathogen survey, microbiological screening and serology panels. Blood PCR screening, however, is considered as the most valuable tool for an accurate determination of pathogen exposure in populations owing to its capability to detect present and just previous infections through determination of pathogens' genetic material remaining in phagocytes some time after infection [24] . Our survey covered 26 different pathogens, including haematozoans (six), bacteria (seven) and viruses (13) for which PCR-based determination protocols are well described (see details in the electronic supplementary material).
The haematozoans determined included Haemoproteus spp., Leucocytozoon spp., Plasmodium spp., Trypanosoma spp., Babesia spp. and Theileria spp. Among bacteria, we accounted for Chlamydophila psittaci, Mycoplasma spp., Mycobacterium avium, Pasteurella multocida, Pseudomonas aeruginosa, Escherichia coli enterotoxigenic strain and Salmonella sp. Finally, the following viruses were screened for: poxvirus, paramyxovirus causing Newcastle disease, the serotypes H5, H7 and H9 of avian influenza, adenovirus, circovirus, herpesvirus, polyomavirus, reovirus, birnavirus causing infectious bursal disease, alphaherpesvirus causing Marek's disease, and West Nile virus. A detailed account of the pathogens, their properties, the screening methods and their respective prevalence is provided in the electronic supplementary material.
(c) Measures of variability in parasite communities
To test for differences in pathogen communities among the focal host populations, we estimated for each population the prevalence (proportion of hosts infected by at least one pathogen), richness (estimated as the total number of pathogen types per population-population richness-and as the average number of pathogen types per host within the population-individual richness) and diversity (using the Shannon-Wiener index) of pathogens. In addition to considering the 26 pathogens together, we also estimated prevalence, richness and diversity for each group of pathogens (haematozoans, bacteria and viruses) separately to test whether patterns related to host population fragmentation were consistent among groups.
(d) Statistical analyses Initially, potential biases related to age, sex, year and season were examined through generalized linear models (GLMs, proc GENMOD in SAS v. 9.2), using individuals as sample units. Adult males were most abundant in our sample (n ¼ 277; 80.5%), followed by juvenile males (n ¼ 30), adult females (n ¼ 25) and juvenile females (n ¼ 12). The individual host infection status was treated as a binary variable, using binomial error and logit link function. GLMs were obtained for all pathogens with an overall prevalence greater than 2 per cent to ensure statistical power. Richness (number of pathogen types per individual) was analysed using a Poisson distribution and log link function. All tested variables lacked significant differences regarding age, sex, year and seasons (all p . 0.10), except the prevalence of C. psittaci, which differed between juveniles and adult individuals, and among years. However, this result did not constrain the objectives of our study mainly focused on the pathogen community of our focal host species. Consequently, we pooled all individuals captured during the study for analyses.
Sample sizes were unavoidably constrained by the small population size of our rare and endangered model species. Thirteen subpopulations (52%) held 10 or less territories occupied by the species, for which it is obviously difficult to obtain statistically adequate sample sizes [25] . Nevertheless, our sampling (344 individuals) was extensive when taking into account that the whole metapopulation holds only ca 680 occupied territories [18] . When assuming the existence of two individuals in each occupied territory, we would have sampled between 13 and 100 per cent of the individuals in each subpopulation (median ¼ 42%). In fact, this is a conservative estimate, as the adult sex ratio in Dupont's lark is heavily biased towards males that may defend a territory despite being unmated [21] . A linear regression best fitted the relationship between population size and sample size (F 1,26 ¼ 14.4008, p , 0.001, r 2 ¼ 0.37), revealing an exhaustive sampling for the small populations (figure 2). Even with small sample sizes in several populations, our survey was therefore biologically relevant by sampling most individuals of the extant small host populations. Despite controlling for host sample size in all statistical models (see R e t r a c t e d below), we additionally examined the effects of sample size on our estimates of pathogen prevalence, richness and diversity by visual inspection of the expected accumulation curves derived from the means of 50 randomizations of sample order using ESTIMATES v. 8.2 [26] . Individuals were grouped within small (holding 10 or less occupied territories) and large (40 or more occupied territories) populations to obtain adequate sample sizes for randomizations.
At the population level, prevalence was analysed in GLMs as the proportion of birds infected by at least one pathogen in each population, using a binomial distribution with the number of individuals infected as the numerator and the sample size as denominator and logit link function as the best way to control for differences in sample sizes among populations [25] . Both population-and individual-based richness at the population level (see above) were treated in GLMs using a Poisson distribution and log link function, while a normal distribution of errors and an identity link were used for analysing variability in diversity among populations. Potential effects of sample size in richness and diversity were controlled for by fitting sample size in all models [27] , both as linear and quadratic terms. Variables describing the spatial structure and the characteristics of populations were fitted as covariables. We first chose a rather conservative stepwise model selection [28] using x 2 -tests in proc GENMOD (SAS v. 9.2), obtaining minimum adequate models that only retained statistically significant variables (p , 0.05) to explain variability in prevalence, richness and diversity. Alternative models were compared with the bias-corrected version of Akaike's information criterion (AIC c ; [29] ). Eventually, we employed generalized additive models (GAMs) to test for possible population thresholds in the total prevalence, population richness and diversity of pathogens using the proc GAM (SAS v. 9.2).
RESULTS
Our PCR survey showed 186 out of 344 individuals (54%) infected by at least one pathogen. Only seven out of 26 pathogens (P. multocida, Salmonella spp., circovirus, avian influenza serotypes H5, H7 and H9 and polyomavirus) were not detected in Dupont's larks in our study area.
GLMs consistently identified a single predictor of variability in pathogens among populations while effectively controlling for variability in sample sizes: the overall prevalence, richness and diversity of pathogens correlated positively to the host population size (table 1 and figure 3) . We failed to detect any statistically significant effect of the predictors characterizing geographical isolation, the surrounding landscape matrix, the alternative host density and population size and the focal host population density for the overall prevalence, richness and diversity of pathogens (all p . 0.05, results not shown). Nevertheless, a positive relationship arose between pathogen prevalence and patch size (the area occupied by each population) in a univariate analysis (parameter estimate + s.e. ¼ 0.0016 + 0.0005, x 2 ¼ 10.98, p , 0.001), but this model was separated by more than 30 AIC c points from that retaining population size. Furthermore, when including both population size and patch area in a multivariate model, only population size was retained as a significant predictor. Furthermore, we discarded any nonlinear relationships between population size and the pathogen parameters included in table 1 by all GAMs showing statistically significant linear terms (all p 0.001), but not significant non-parametric smoothing terms (all p . 0.10).
Very similar results were obtained when analysing the pathogen groups separately; all pathogen estimators showed statistically significant and positive relationships with focal host population size, while controlling for sample size, except in the case of bacteria richness (results not shown). Visual inspection of the pathogen prevalence, richness, and diversity accumulation curves as a function of sample size showed lower values in small populations for all parameters when compared with large populations (figure 4). Together with the above GLMs in which we controlled for the effects of sample size on pathogen estimates, the different shapes of the accumulation curves lead to the conclusion that the effect of the population size was the result of real differences in pathogen prevalence, richness and diversity among populations, and not just a spurious effect of sample size.
DISCUSSION (a)
Island effects on parasite communities in a mainland bird species Here, we studied multiple pathogens in a whole host metapopulation rather than sampling them in a few 
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habitat fragments differing in size. Contrary to previous work comparing pathogen burdens in small versus large forest fragments [9, 11] , we failed to detect any effect mediated by both the focal and the alternative host densities on the analysed pathogen population parameters. Notably, the prevalence, richness and diversity of the pathogen community sampled in Dupont's larks increased consistently with its population size. Our predictions related to the geographical isolation and the resistance of the landscape matrix as a consequence of its land-use composition, however, were not supported, suggesting that the focal host population size is the key determinant of pathogen communities regardless of the spatial arrangement of populations. Pathogen composition in host populations has been shown to vary with altered landscapes [30] , but to our knowledge this is the first empirical evidence of a positive effect of host population size on pathogen burdens in a spatially structured population owing to habitat loss and fragmentation. The relationships between population size and the different pathogen community characteristics did not show the existence of any population threshold. Theoretical models of disease transmission revealed, however, that abrupt population thresholds are not expected for many host-pathogen systems and empirical evidence of population thresholds in a wildlife population is scarce [31, 32] . Moreover, demographic stochasticity, which operates most strongly in small populations, may significantly influence disease transmission in small populations and prevent the detection of population thresholds for diseases under field conditions [32] . Hence, the studied metapopulation (the majority of populations hold less than 20 occupied territories, figure 3 ) may not represent an ideal scenario to examine host population thresholds. Remarkably, our results resemble those obtained by Lindström et al. [33] , which showed a consistent increase in three parasites (two species of feather mites and avian pox virus) in island populations of Darwin's finches with increasing island size. Our host study model species has a very low dispersal rate [16, 17] , as well as disrupted culture transmission at small spatial scales [34] . All of these factors suggest an unusual scenario of island effects in a mainland vertebrate. Lindström et al. [33] proposed that the most likely mechanism explaining the increase in parasite abundance with island size is the larger size of the avian host population. In contrast to their study, we had available both the size of habitat patches and accurate censuses of both the focal and alternative host populations inhabiting them, which presented an optimal opportunity to ascertain and contrast the relative contribution of effect on the pathogen communities. A partial redundancy was apparent between focal host population size and patch size, but the effect of the former always outweighed the latter. In fact, from the pathogens' point of view, the size of 'potential habitat' may be given by the number of potential hosts rather than by patch area. Habitat size rather than habitat diversity has been shown to influence macrofauna species richness of habitat generalists in island assemblages [35] . The host-pathogen system surveyed here might represent an analogue scenario in a mainland habitat network, where the size of 'potential habitat' (i.e. the host population size) would constitute the main determinant for the observed patterns of parasitism in the spatially structured host population. The population size of alternative hosts (i.e. sympatric steppe passerines) was exclusively related to a decline in the prevalence of haematozoans in Dupont's lark with increasing population size of sympatric steppe. This result may be related to the different transmission routes among groups of pathogens. Contrarily to most pathogens screened, all but two of the haematozoans (which indeed were rare: Babesia spp. and Theileria spp., electronic supplementary material) are transmitted by blood-sucking flying vectors, thus suggesting a possible encounter-dilution effect [36] . An increase in the overall number of potential hosts would consequently produce lower per capita attacks by flying haematophagous vectors.
Lindström et al. [33] recognized that their results could be partially explained by larger environmental variance (i.e. elevation and different habitats) in large islands, which could increase both the availability of pathogens and vectors therein. Indeed, environmental heterogeneity at a small spatial scale can affect vector communities and consequently the occurrence of pathogens [37, 38] . We cannot completely rule out this potential confounding effect in our study, but the metapopulation's environment is largely homogeneous [15] and microhabitat features do not seem to affect the host populations [18] . However, the differences in patch size reinforce the idea that the focal host population size is the main driving factor behind the patterns we have highlighted.
Why pathogens are favoured by only larger host populations in a mainland metapopulation is an intriguing question. While several of the surveyed pathogens, such as vector-borne transmitted haematozoans or viruses, and several bacteria and viruses transmitted by direct contact are expected to show positive density-dependent transmission [39] , we failed to find any effect of host densities. However, density-dependent models of pathogen transmission are being substituted by models of frequency-dependent transmission, which are independent of host densities within the patches [3] . Additionally, Ryder et al. [40] have suggested that most transmission dynamics will be too complex to characterize using the traditional density / frequency dichotomy. Indeed, recent empirical research has shown that pathogen dynamics can be different from those predicted by density-or frequency-dependent transmission, consistent with plausible (but currently unproven) biological mechanisms [41] .
Metapopulation theory would predict the extinction of pathogens in demographically isolated populations that fall under a threshold population size [13] . Supporting this point, Ló pez [42] demonstrated a drop in prevalence of beetle parasites when laboratory host population sizes were experimentally reduced below a threshold, while host density was held constant. Prevalence, however, did not increase with population size above that threshold. This experiment shed light on the question at hand; however, host-pathogen relationships are diverse and alternative or complementary explanations are expected in other model systems and in natural conditions. In our case, larger host populations may enhance the probability of contacts between infected and uninfected hosts. Vocal signalling activity of Dupont's lark males is positively related to population size but not to local densities throughout the annual cycle [16] , thus R e t r a c t e d suggesting larger interactions among individuals in large populations, which might increase pathogen transmission from infected hosts. Additionally, the few individuals dispersing from their natal sites are recruited through social attraction into the larger populations [16] , a mechanism that may contribute to the maintenance in larger and more diverse pathogen communities through rescue effects mediated by hosts. Therefore, the patterns we found may have emerged from the joint effects of metapopulation dynamics of pathogens and population structuring of hosts.
(b) The importance of surveying pathogen communities As is usually the case in the majority of host -pathogen relationship studies, research on the effects of habitat loss and fragmentation focuses on a reduced group of pathogens, mostly gastrointestinal parasites of forest mammals [9, 11, 43] . Contrary to single host/single pathogen approaches, the importance of monitoring entire pathogen communities has recently been emphasized since pathogen diversity per se may exert a strong selective pressure on hosts [22, 27] . We surveyed an unusually high number of diverse microparasites, whose epizootic behaviour makes them good candidates for impacting selection on host populations, as opposed to most macroparasites, which are fairly stable within host populations [2] . Moreover, among ectoparasites, we only found feather mites (Astigmata) in Dupont's larks, which we did not include in this study since they are considered non-parasitic symbionts [44] .
Measuring polyparasitism is not only important to understand pathogen pressure on host populations [27] , but also to further our knowledge on the effects of habitat fragmentation in natural systems. Notably, the relationships we found for the entire pathogen community held for each pathogen group separately (except in the case of bacteria richness) and for the three most common pathogens representative of each group, thus supporting a consistent pattern of host population size related to habitat fragmentation.
(c) Implications of fragmented pathogen communities on hosts' conservation Today, small populations as a consequence of loss and fragmentation of the habitat are a paradigm in conservation biology, and infectious diseases may represent one of several factors increasing stochastic extinction risk [2, 4] . Despite the found pattern in pathogen prevalence, richness and diversity, we do not discard the possibility of immunodepression in small populations. Although fewer pathogens seem to be present in these populations, they may consequently be more susceptible to pathogenmediated extinction owing to the rapid introduction and extinction of pathogens [39] and an increased vulnerability to diseases owing to stress-mediated immunodepression. Indeed, several small populations of Dupont's lark have recently gone extinct in our study area [19, 45] . Given that many of the surveyed pathogens may cause harmful avian diseases [6] , any infectious disease outbreak could have contributed to previous or cause further population extinctions. Hess [46] developed a model for disease dynamics in fragmented host populations, suggesting that the movement of individuals among populations may carry a greater risk of extinction through the spread of diseases. Nevertheless, more recent modelling approaches suggest that the benefits of corridors that allow hosts to disperse through the metapopulation far outweigh the possible risks of increased pathogen transmission [3] . In fact, model outputs ( [3] , see [4] for exceptions) and circumstantial evidence [47] showed that the pathogen would become extinct before the host, something that could explain the lower richness of pathogens in the smaller Dupont's lark populations. Taken together, extreme habitat and consequently population fragmentation could lead to even greater conservation risks for host-specific pathogens than for their hosts [47] .
(d) Further research prospects First, more research-including experimental approachesis necessary to fully understand the mechanisms behind the consistent pattern we have found between pathogens and host population size, and to assess whether this 'island paradigm' applies to other mainland host-pathogen systems also suffering severe habitat loss and fragmentation. Islands and mainland ecosystems suffering heavily from habitat loss and fragmentation may provide similar scenarios to consider for comparisons of patterns in pathogen infection dynamics. These types of comparative approaches may shed light on the effects of habitat fragmentation on pathogen communities as well as on their effects on host population dynamics.
Second, simple host-pathogen metapopulation models have not considered the existence of reservoirs until recently [3, 4, 48] . In our study model, as well as in most real-world cases, the great majority of the surveyed pathogens are highly generalist. These pathogens may find reservoirs in the much more abundant coexisting species, and thus research at a multi-host scale should be a priority to properly understand pathogen community dynamics and especially its effects on species endangered by habitat fragmentation.
